Abstract. In this paper we present a case study of the annular solar eclipse effects on the ionization of E and F regions of equatorial ionosphere over Tirunelveli [77.8 • E, 8.7 • N, dip 0.4 • N] by means of digital ionosonde on 15 January 2010. The maximum obscuration of the eclipse at this station was 84 % and it occurred in the afternoon. The E and F1 layers of the ionosphere showed very clear decrease in their electron concentrations, whereas the F2 layer did not show appreciable changes. A reduction of 30 % was observed in the foF1 during the maximum phase of the eclipse. During the beginning phase of the eclipse, an enhancement of 0.97 MHz was observed in the foF2 as compared to that of the control days. But the foF2 decreased gradually as the eclipse progressed and a decrease of 0.59 MHz was observed towards the end phase of the eclipse. Observed variations in the h F2 and hmF2 showed lower values than the control days, although hmF2 was found to increase a bit during the eclipse. Observed variability in the E, F1 and F2 layer ionospheric parameters on the eclipse day and their departure from the control days are discussed as the combined effect of annular eclipse and presence of counter equatorial electrojet (CEEJ).
Introduction
A solar eclipse provides an excellent opportunity to explore the upper and lower ionospheric effects associated with an accurately estimated variation of solar radiation during the eclipse period. Study of the ionospheric response to a solar eclipse has been in place for decades, and extensive studies have been made with various experimental techniques, such as ionosondes, incoherent scatter radar, rockets, Faraday rotation measurements, global positioning system and satellite measurements (Evans, 1965a, b; Klobuchar and Whitney, 1965; Rishbeth, 1968; Hunter et al., 1974; Oliver and Bowhill, 1974; Cohen, 1984; Salah et al., 1986; Cheng et al., 1992; Farges et al., 2001; Tomas et al., 2007) as well as theoretical modeling (Le at al., 2008a , and references therein). Both the measurements and simulations show that the eclipse effect is larger in the midday than in the morning and afternoon, and also the decrease in electron concentration is greater in the F1 region than in the E region (Le at al., 2008a) . The eclipse effect in the F2 region is larger at high solar activity than at low solar activity. In a recent study, the signatures of a total solar eclipse on ionospheric E, F1 and F2 regions, during the forenoon hours, have been reported by Adeniyi et al. (2007) , as observed over equatorial station Ilorin, Nigeria. In the present investigation, we find that the decrease in electron density occurs throughout the E and F1 layer heights at about the same time, while, in the F2 region, the electron density decrease began at lower heights and extended progressively towards the layer peak.
A total solar eclipse during sunset hours on 11 August 1999 highlighted the eclipse-induced changes in the evening time equatorial E and F regions in terms of sudden intensification of a weak blanketing Es layer, significant increase in h F immediately following the eclipse and distinctly different spatial and temporal structures in the spread F irregularities.
Ionospheric response at low altitudes (D, E and F1 regions) is governed mainly by photochemical processes so that the decrease of solar radiation during an eclipse is expected to decrease the electron production rate and hence the electron concentration. However, the F2 layer behavior may be quite different as it is governed by photochemical processes as well as by electrodynamical and neutral forcing. When the F layer is normally in a state of quasi-equilibrium, the obscured changes in electron density during eclipse are almost entirely due to loss by recombination and production by photoionization (Skinner, 1967) .
The annular solar eclipse of 15 January 2010 was particularly interesting in that it occurred near noon, thus avoiding the larger portion of normal diurnal variations, and it occurred on a magnetic quiet day of a solar minimum. The path of the annular eclipse that occurred on 15 January 2010 over Tirunelveli is shown in Fig. 1 . The observational site Tirunelveli [77.8 • E, 8.7 • N, dip 0.4 • N] has been marked on the map with a red square. The central part of the occurrence of maximum annularity is indicated by the thick black line. The time (in IST) of the occurrence of the eclipse annularity, the sun's altitude in degrees and its duration are marked on the map. At Tirunelveli, the details of the occurrence time in IST (UT + 5.5 h) on the ground for this eclipse are as follows: the beginning of the eclipse at 11:07:57 IST, maximum magnitude of the eclipse at 13:16:51 IST and the end of eclipse at 15:06:52 IST. The maximum obscuration was 84.3 % and eclipse magnitude was 0.918 at this station. The details of the eclipse are available at http://eclipse.gsfc.nasa.gov/SEmono/ ASE2010/ASE2010.html. 
Data analysis
In order to assess the effect of solar eclipse on ionospheric parameters, an estimate must be made of the variations of these parameters in the absence of eclipse. In this study, high-resolution ionograms obtained at every 2 min using a Canadian Advanced Digital Ionosonde (CADI) operational at Tirunelveli have been used. Observations on the eclipse day (i.e. 15 January 2010) were compared with those of the two days each before and after the eclipse day chosen as the control days. All these days correspond to magnetic quiet days, and hence the observed changes are purely due to the solar eclipse. A list of control days and eclipse day along with corresponding values of Ap indices, sunspot numbers (SSNs), and F10.7 solar flux values is given in Table 1 . The period of the eclipse falls within a low solar activity period where SSN varied from 12 to 21. The control days and eclipse day ionograms were scaled manually at every 2 min during 09:00-17:00 IST to get the ionospheric parameters (i.e. foF1, h F1, foF2, h F2 and hmF2). For the control days, these parameters were further averaged for 30 min interval. The obtained data show a clear eclipse effect near the beginning, maximum and ending phase of the eclipse in the E and F1 regions. This study focuses on the investigation of eclipseinduced changes in the E, F1 and F2 region of the ionosphere.
In the E region, the changes in the electron density during eclipse are mainly due to production of electrons by photoionization and loss by recombination. However, significant changes in the electron density in the F region may occur due to horizontal and vertical transport of ionization and temperature changes along with photochemical reactions. Analysis of photoionization and loss rate will be undertaken and communicated later. 
Results and discussion
For the purpose of comparison, Fig. 2a -c show the ionograms recorded on 14, 15 and 16 January 2010, at 13:16 IST, the time of maximum eclipse obscuration on the 15th. We can see clearly the absence of E and F1 layer traces and the presence of only F2 trace during the maximum phase of the solar eclipse during the eclipse day. Although the F1 layer critical frequency could be read from the CADI ionograms, the F1 and E layer traces could not be observed by the CADI as the electron density in these layers decreased to below the detection limit due to the solar ionizing radiation being cut down by the eclipse. The results of the comparisons of the observed eclipse effects on ionospheric E, F1, F2 layers with those of control days are discussed in the following sections.
E layer
To demonstrate and compare strong solar eclipse effects on E and F1 regions of the ionosphere, virtual height-timefrequency maps obtained on 15 and 16 January 2011 are depicted in Fig. 3a and b, respectively. The vertical lines marked as B, M and E indicate the time of beginning, occurrence of maximum obscuration and the end of the eclipse. Normal Es and F1 layer were observed on the control day (i.e. 16 January 2011) during 09:00 to 17:00 IST. Distinctly different features on E and F1 layers of the ionosphere on the eclipse day in comparison with the control day have been noticed. The Es layer has been marked with an arrow. On 15 January 2010, a consistent change begins to be noticed in the Es layer from the onset time (11:07 IST) of eclipse. Es layer became thinner, weaker and disappeared around 11:14 IST and further continued to be weaker till the end of the solar eclipse and continued further till 17:00 IST. Weak blanketing Es was observed 12:44 IST onwards which further intensified around 13:00 IST with maximum fEsb (blanketing frequency of Esb layer) around ∼7 MHz. This Es ended at 13:04 IST. Sridharan et al. (2002) have also shown the occurrence of blanketing Es during the sunset hours of total solar eclipse on 11 August 1999 and suggested that this could be directly triggered by eclipse phenomena. On ionograms very weak traces of E layer were present, and hence foE could not be scaled, indicating the qualitative decrease of foEs and electron concentration.
F1 layer
Top and bottom panels of Fig. 4 show the comparison of observed temporal variation of foF1 and h F1, respectively, on the eclipse day with that on the control days. The blue line with error bar represents the mean values of the control days. Red stars represent the eclipse day observations. It is found that the foF1 does not show much day-to-day variability on the control days, as indicated by their small error bars. The eclipse began around the time period when the range of variation in the foF1 is usually very low, a period of quasiequilibrium state on normal day. The reduction of solar radiation intensity due to the eclipse upset this quasi-equilibrium between production by photoionization and loss of ionization due to recombination. Variation in foF1 shows inverse correlation with the maximum obscuration of the sun during the eclipse confirming that the solar radiation is the major controller of this variation. On the eclipse day, the critical frequency of F1 layer (foF1) started decreasing gradually as the eclipse progressed. Not many changes were noticed in the beginning phase of the eclipse until 11:38 IST, but later on it reduced significantly by approximately 30 % (51 % in electron density) around the maximum phase of eclipse from the control days. In the F1 region, electron densities are controlled by the balance between photoionization and chemical recombination. The formation of the F1 layer is mainly due to the altitude variation of the chemical loss (i.e. the transition between αN 2 (quadratic) and βN (linear) loss processes). In the F1 region, the square law loss αN 2 and linear loss βN are equally important. Lifetime of the electrons in the F1 layer is ∼1000 s around 200 km (Banks and Kockarts, 1973) . Solar eclipse is a slowly varying process and it took almost four hours to cover the whole eclipse process from eclipse begin to end. The results of Skinner (1967) were for a period of high solar activity when the F1 region is not very distinct from the F2, and 68 % reduction was noticed in the electron density of the F1 region. Adeniyi et al. (2007) have also shown that maximum decrease in the peak electron density as deduced from the critical frequency for F1 was 68 % for the total solar eclipse of 29 March 2006 during low solar activity period. In Fig. 4 , the foF1 started decreasing around 11:38 IST and a full recovery occurred at about 15:16 IST. The observed duration of decrease of this layer was 3 h 38 min and the eclipse duration was about 3 h 59 min.
Observation of consecutive ionograms showed the E and F1 layers fade out during 12:46-13:14 IST and 13:36-14:06 IST, and resulted as gap in the foF1. The foF1 shows large departure from the normal diurnal variations, ensuring that observed variations were eclipse-induced and are almost entirely due to loss by recombination and production by photoionization. With increase of eclipse obscuration, the production decreases and the loss rate at these heights is in a transition between αN 2 (quadratic) and βN (linear) loss processes, where α and β are the recombination coefficient and N is the electron density (Rishbeth and Garriott, 1969) . The observed electron density was minimum around the maximum phase of the eclipse. After this it again increased gradually as the eclipse magnitude decreased.
The temporal variation of h F1 on the eclipse day shows some peculiar features. It seems that h F1 increases at some points of time during the eclipse. But it may not be a true height increase as the recombination is very dominant at this layer, and, due to diminished production, it appears that h F1 is going up. Oliver and Bowhill (1974) have shown that thermospheric temperature and F 1 region ion composition show a large eclipse effect near the beginning and ending phase of eclipse. The so-called F 1 (1967) as a prominent feature of the F region behavior during equatorial eclipses, was not observed during this eclipse.
F2 layer
The top, middle and bottom panels of Fig. 5 show temporal variation of foF2, h F2 and hmF2. The blue lines with error bar represent the mean values of the control days. Red stars represent the eclipse day observations. The observed effect of the eclipse on the F2 layer as compared to E and F1 layers is quite different. The maximum observed decrease in foF2 was ∼0.59 MHz around 14:00 IST. In fact, the observed values of the foF2 on the eclipse day are quite similar to those of the control days. From the observations, it is very clear that the values of the foF2 were higher compared to the control days before the onset of the eclipse and the maximum difference was 0.97 MHz. For the control days, it is found that the foF2 increases after 12:00 IST. But, for the eclipse day, no such rise in foF2 is observed. The foF2 starts to decrease around 13:48 IST, and the maximum decrease of ∼0.59 MHZ is observed just after 14:00 IST. But, if we consider the foF2 before the onset of the eclipse, the actual decrease in foF2 may be higher than the value observed. The differences in foF2 from the control days before the onset of the eclipse were higher, and, following the control days' trend, it would have been even higher in the absence of the eclipse. However, observed values of the foF2 are found to be lower than the control days during the maximum to end phase of the eclipse. The possible reason may be that, during the presence of the eclipse, the ionization production is reduced and the transport processes in the F layer are affected due to the presence of the westward electric field which may in turn lead to the decrease in foF2. The time lag of the maximum decrease of foF2 with respect to the maximum eclipse obscuration is approximately 1 h. Also, the observed effect of the eclipse on the F2 layer lasted for approximately 4 h from 12:00 IST to 16:00 IST as shown in Fig. 5 . Stations away from the dip equator show the smaller decrease in foF2 (Le et al., 2008a) . It should be noted that many previous studies with various measurements (e.g. Datta et al., 1959; Walker et al., 1991; Cheng et al., 1992; Boitman et al., 1999; Huang et al., 1999; Korenkov et al., 2003; Afraimovich et al., 2002; Baran et al., 2003) show that most of the NmF2 (peak electron concentration in the F2 layer) decreases during solar eclipses, whereas the amplitude of foF2 decrease varies greatly from 0.2 MHz to 1.6 MHz. Such a great difference may be induced by background differences in neutral gas and geophysical conditions (such as solar activity and geomagnetic activity level), and by differences in location and local time. In addition, it is possibly due to the measurement methods used with different spatial and temporal resolutions. Higgs (1942) and Pierce (1948) reported that, during the total solar eclipse of 1 October 1940, there was an increase in foF2 followed by a decrease. Evans (1965b) also found a similar feature of foF2 for the 20 July 1963 total eclipse. Evans proposed two necessary (but possibly not sufficient) conditions for an increase in the foF2 during a solar eclipse: first, the eclipse should be total or very nearly so (>90 %) at F1 region heights; secondly, the magnetic dip should be large (I > 60).
Excellent modeling efforts have been made to quantify local time and solar zenith angle, solar cycle, dip angle, and background hmF2 effects on mid and low latitude ionosphere based on observations made during 7 solar eclipses events from 1970 to 2005 (Le et al., 2008a) . Most of the observed differences in behavior of NmF2 during eclipses can be attributed to differences in O + loss rate brought about by the background differences in the neutral molecular densities. The F2 region behavior during different eclipse events may be quite different accompanied with various amplitudes of decrease or even a small increase in the electron concentration.
Temporal variation of h F2 and hmF2 on eclipse day shows departure from the control days observations. The h F2 shows a decrease of about ∼50 km (15 %) around the eclipse maxima. But an enhancement in hmF2 was observed on the eclipse day. Skinner (1967) and Adeniyi et al. (2007) have shown 50-70 % variation in hmF2 during solar eclipse. From modeling studies, considerable amount of enhancement in the hmF2 is expected on the eclipse day as compared to the control days (Le et al., 2009) . But the observed hmF2 does not show much enhancement. The hmF2 increases considerably after 12:00 IST and is found to fluctuate till 14:00 IST, and later on it decreased gradually. Although the values of foF2 were higher than those of control days, still the enhancement was not as high as expected from simulations. As can be seen in Fig. 6 , there is a strong CEEJ from around 10:00 IST to 17:00 IST on the eclipse day. This corresponds to a westward electric field which may cause a vertically downward E × B drift. This does not allow the plasma to be lifted to higher altitudes. It is well established that at equatorial latitudes the ionospheric electric fields drive the equatorial electrojet and F region plasma drifts that control the development of the equatorial ionization anomaly (EIA), and the generation of ionospheric plasma instabilities (Fejer, 2011, and references therein) .
To understand and explain the observed variability in the h F2 and hmF2, electrojet strength ( H = TirunelveliAlibag of horizontal component of the Earth's magnetic field), data on the eclipse day (every one minute) along with control days (averaged for every 30 min) are shown in Fig. 6 . It is important to note that, on eclipse day, counter equatorial electrojet (CEEJ) was present during 09:47 to 17:00 IST, and maximum CEEJ strength was ∼ −23 nT at 13:45 IST, observed shortly after maximum obscuration. Different phase of equatorial electrojet (EEJ) and presence of strong counterelectrojet (CEEJ), its electrodynamics and associated phenomena during this solar eclipse have been discussed in detail by St. Maurice et al. (2011) . They have shown that the electric field turned westward after the time of maximum obscurity, reaching its largest westward value one hour before the end of the local eclipse due to the fast eastward-moving local neutral wind dynamo generated by a low pressure system being triggered by the cold temperatures in the region of maximum obscuration.
Ground-based magnetometer observations of electrojet strength data during daytime have been extensively used to demonstrate the vertical E × B drift velocity in the equatorial F region in the Peruvian, Filipino and Indian longitude sectors under quiet and disturbed condition during 07:00 and 17:00 IST (Anderson et al., 2006 , and references therein). Quiet time H -inferred E × B drift velocities are in excellent agreement with the Fejer-Scherliess, quiet time, climatological daytime E × B drift model (Scherliess and Fejer, 1999) in the three longitude sectors.
In general, the behavior of F2 layer is highly variable on a day-to-day basis as compared to F1 layer, because F2 layer dynamics is mostly governed by the electrodynamical processes. The vertically upward E × B drift pushes the plasma upward in altitude. In the meantime, the electrons tend to diffuse along the magnetic field lines to higher latitudes creating the fountain effect. So the F2 layer behavior depends not only on the production and recombination but also on the electric field. As the eclipse progressed, h F2 decreased and it followed the same pattern as that of control days. On the eclipse day, the observed variations in hmF2 do not show large enhancement as expected from modeling studies (Le et al., 2009) , although a slight increase in hmF2 was observed for the eclipse duration. In a simulation study, Le et al. (2008a) has shown that the equatorward/poleward wind pushes hmF2 upward/downward suggesting that wind direction to be poleward on this particular day. Presence of CEEJ throughout the duration of eclipse shows the presence of the westward electric field in the E region which did not allow plasma to move upward. This explains the behavior of h F and hmF2 on the eclipse day.
Concluding remarks
This paper presents initial observational results on the equatorial ionospheric observation during the longest annular solar eclipse on 15 January 2010 of this century. Ionosonde data show significant annular solar eclipse effects on E, F1 and F2 layers. Combined effect of annular eclipse and presence of CEEJ are mainly responsible for the variability in the E, F1 and F2 region ionospheric parameters.
